We present exact analytical solutions to the ideal one-dimensional planar photonic crystal waveguides (1-D PPCWs) that consist of a central core and infinite number of cladding layers symmetrically placed around the core. We show that these exact solutions allow one to distinguish clearly between light guidance due to total internal reflection and light guidance due to the photonic crystal effect. We also compare structures with finite and infinite cladding layers and provide results for the propagation characteristics and the modal field distributions.
INTRODUCTION
Photonic crystal waveguides have been the subject of extensive research recently because of their ability to control the propagation of light in a manner different from total internal reflection [1] [2] [3] . In particular, many studies have been devoted to the possibility of guiding light in low-index core photonic crystal waveguides due to the photonic band-gap (PBG) effect [4] , which prevents light with certain frequencies and directions from propagating inside these periodic structures. Theoretically, perfect Bragg reflection takes place inside the 1-D PPCW when the number of cladding layers is infinite. To our knowledge, closed form analytical solution of planar photonic crystal waveguides with infinite number of cladding layers has not been presented before. In this paper, we present a novel technique that provides exact analytical solutions for such waveguides. We show that these exact solutions allow one to distinguish clearly between light guidance due to total internal reflection and light guidance due to the photonic crystal effect. We further show that the solutions of modes in the finite structure converge to those obtained using this technique provided that the number of cladding layers in the finite structure is sufficiently large.
ANALYSIS
In analyzing the 1-D PPCW, we assume that the waveguide is symmetric along the transverse x-axis and has an index profile with a core layer of refractive index n 1 and a thickness 2d 0 , and a cladding structure that consists of alternating layers of two different refractive indices n 1 and n 2 , and thicknesses d 1 and d 2 , as shown in Fig. 1 . Fig. 1 . Index profile of a planar photonic crystal waveguide. Fig. 2 shows a semi-infinite periodic dielectric structure in which the input impedance seen at x = 0, by the virtue of infinite number of layers, is equal to the input impedance seen at x = d 1 + d 2 . This means that the impedance of the structure beyond x = d 1 + d 2 can be replaced by the input impedance seen at x = 0, which is expressed as
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and Now we can derive the characteristic equation for guided modes by using the transverse resonance condition, which states that the total phase change in the transverse direction in the core region for one complete cycle of a ray must be an integer multiple of 2π. This condition is, in fact, the requirement for the constructive interference of the ray with itself after reflection. Mathematically, this condition is expressed as [5] ( ) 
We can use the theory of transmission lines and wave impedance to obtain φ Γ . It can be easily shown that the reflection coefficient for an incident wave on the core-cladding interface is given by 
By substituting for φ Γ from Eq. (19) into Eq. (16) and after some algebraic simplifications, we obtain the following result ( 
COMPARISON OF INFINITE− AND FINITE−LAYER CASES
In our comparison of the PPCW that has an infinite number of cladding layers with that having a finite number of cladding layers, we show that the technique presented in Section 2 leads to the same results obtained using the traditional matrix approach presented in [6] , provided that the number of cladding layers is sufficiently large. It is emphasized that Eq. (20) can be used to solve for all possible modes in the infinite structure, whereas the characteristic equations for waveguides with finite cladding layers can only be used to solve for modes whose normalized propagation constants lie in the range 2 20), whereas for the finite number of layers cases, β is calculated using a matrix approach [6] . In both cases, we used the interval-halving technique with roots of accuracy in the order of ±10 -14 to calculate the first even TE and TM modes (TE 0 and TM 0 ). Fig. 3 shows the dispersion curves for TE 0 mode for different number of cladding layers. The results for TM 0 are very similar to those for TE 0 , so they are not shown here for brevity. As expected, the dispersion curves converge to the infinite-layer case as the total number of layers (N) increases. We notice that the difference is small for small wavelengths, but it becomes larger as λ increases because the accuracy of approximating the infinite structure by the finite structure with large N decreases as λ increases. Similar behavior is also observed when the parameters d 0 , d 1 , and d 2 are decreased and when the index difference of the materials used is increased. 
RESULTS
Here, we present dispersion characteristics and field distributions for the PPCW modes with infinite number of cladding layers. We show that this ideal structure can support true photonic crystal modes in both high-index and low-index cores.
In the high-index core case, the supported modes are guided inside the core region due to total internal reflection and possibly the photonic band-gap effect when 2 1 n n β < < . Also, true photonic crystal modes can be guided inside the high-index core when 2 n β < , or inside the low-index core due to the perfect photonic band gap that is formed in the ideal structure. 
High-index core PPCWs
As an example, let us consider a high-index core ideal PPCW with d 0 = 2 µm, d 1 = d 2 = 1.0 µm, material 1 is doped silica (16.9 m / 0 Na 2 O, 50.6 m / 0 SiO 2 , 32.5 m / 0 B 2 O 3 ) with index n 1 (λ), and material 2 is quenched silica (SiO 2 ) with index n 2 (λ).
The normalized propagation constant β is calculated for a range of wavelengths between 1.0 µm to 2.0 µm, in increments of 0.01 µm. Fig. 4 shows the dispersion characteristics of several lower-order modes. It is noted that there are modes with ( ) 2 n β λ < that can be guided inside the core region. This means that this infinite-layer structure is capable of supporting modes that cannot be ideally supported in finite-layer structures, since a perfect photonic band gap can be formed in the infinite structure. At λ = 1.3 µm, a guided TE 2 mode is allowed to propagate inside the core region due to total internal reflection and the band gap effect, while at λ = 1.55 µm, the same mode is supported by the band-gap effect only, as shown in Fig. 4 
Low-index core PPCWs
Here we consider a low-index core ideal PPCW with d 0 = 2 µm, d 1 = d 2 = 1.0 µm, material 1 is pure silica (SiO 2 ) with index n 1 (λ), and material 2 is doped silica (13. n n β < < , which means that this ideal structure is able to guide modes in a low-index core because of the perfect photonic band gap that can be formed in the infinite structure. Also, we notice that TE and TM modes are essentially degenerate in this structure. As an example of field distributions, we plot H y and E z components of the first TM mode at λ = 1.3 µm in Figs. 8 (a) and (b), respectively. It is noted that the fields in the low-index core need more layers to decay to insignificant values when compared to the modes with 2 n β < in the high index core. 
CONCLUSION
We presented a novel technique to find exact analytical solutions of one-dimensional photonic crystal planar waveguides with infinite number of cladding layers. Comparison of results obtained from the proposed technique with those obtained from the conventional matrix technique [6] showed that both results converge provided that there is sufficient number of cladding layers in the structure with finite cladding layers. The technique presented can also be used to solve for the true photonic crystal modes that exist in low-index core photonic crystal planar waveguides. Dispersion characteristics and transverse field distributions for lower-order modes of both types based on total internal reflection as well as photonic crystal effect were presented.
